A critical aspect of understanding the behavior of another person is recognizing the intent of actions: Is he or she grasping the bottle to pour me a glass of wine or to move the bottle to an ice bucket? It has been proposed that attribution of intentions to actions depends on the same mechanism that governs the motor control of intentional actions ([@r1]). During action execution, a high proportion of parietal neurons coding a given motor act (e.g., grasping) discharge differentially depending on the subsequent to-be-executed act ([@r2]). Thus, for example, grasp-to-eat neurons show significantly higher firing rates when grasping is followed by bringing a piece of food to the mouth compared with placing the piece of food into a box positioned on the shoulder. This pattern suggests that parietal neurons are dynamically coupled in a way that results in sequential activation---that is, neuronal chaining ([@r2], [@r3]). Anytime an agent has the intention to perform an action (e.g., grasping), depending on the agent's intention, a specific goal-related neuronal chain is activated (grasp-to-eat).

When we observe another person's actions, a related mechanism may operate in the reverse direction. Parietal visuomotor neurons coding grasp-to-eat actions discharge at higher rates when the observed grasp is followed by eating compared with placing ([@r2]). Anytime a grasp-to-eat chain is activated, the observer can infer the agent's intention in grasping the object (i.e., to eat). However, the computational principles and neural mechanisms by which a specific chain is selected during action observation remain poorly understood ([@r3], [@r4]). Given that an observer only ever sees a hand grasping an object, how can he or she know whether the observed grasp will be followed by eating or placing?

Since grasping may appear similar across different action chains, some authors argue that chain selection---that is, the process of identifying the most appropriate neuronal chain from among many possible alternatives---is based on context-dependent associations, presumably coded in areas outside the action-observation network ([@r5][@r6][@r7][@r8]--[@r9]). For example, the presence of a container associated with "placing" may lead to the selection of the grasp-to-place chain. In line with this, the differential response of visuomotor neurons reported during observation of grasp-to-place and grasp-to-eat sequences has been ascribed to contextual cues ([@r2]).

A neglected possibility is that slight kinematic variations in the observed grasping action inform mapping to the most probable chain. Initial grasping kinematics, while similar, are not identical. During reach and grasp, the way the hand and digits move toward the object is subtly shaped in anticipation of the action intention ([@r10][@r11]--[@r12]), and although it may often be subconsciously, observers are sensitive to subtle variations in movement kinematics and can use these variations to predict the intention of an observed motor act ([@r13][@r14]--[@r15]). This raises the possibility that, at least in humans, kinematics could drive selection of the most probable chain during action observation.

Here, we describe two experiments designed to test this possibility by studying the level and timing of muscle activation during the execution and observation of grasping sequences. Chaining of motor acts predicts that, in a sequential grasping task (e.g., grasp-to-drink), electromyographic (EMG) components that are required for the final act \[i.e., the mouth-opening mylohyoid (MH) muscle\] show anticipatory activation ([@r16], [@r17]). In Experiment 1, we tested this prediction by measuring MH activity during the execution of grasp-to-drink and grasp-to-pour actions. Having established that MH activity selectively anticipates the execution of drinking, in Experiment 2, we combined predictive models of movement kinematics with transcranial magnetic stimulation (TMS) to ascertain whether MH excitability during action observation, assessed by motor-evoked potentials (MEPs), maps onto intention-specific kinematic changes in the observed act (grasp-to-drink vs. grasp-to-pour) in the absence of discriminative contextual cues ([Fig. 1](#fig01){ref-type="fig"}).

![Schematic illustration of the predicted motor chaining effects. Chaining of motor acts predicts that in a sequential task, EMG components that are required for the final act show anticipatory activation. To test this prediction, in two experiments, we measured the level and timing of the mouth-opening MH activation (*Left*) during execution and observation of grasp-to-drink actions in the absence of contextual cues (*Upper*). Hypothetical MH EMG records during execution and observation of grasp-to-drink actions are shown (*Lower*).](pnas.1809825115fig01){#fig01}

Results {#s1}
=======

Experiment 1: Muscle Activation During the Execution of Grasping Sequences. {#s2}
---------------------------------------------------------------------------

Thirteen volunteers \[six females, seven males; mean (*M*) age, 28 y (range, 23 to 36 y)\] took part in the action-execution experiment. Participants were seated on a chair, with their right elbow and wrist resting on a table. They were asked to reach and grasp a bottle positioned on the table with the intention to either (*i*) pour a small glass (height, 8.5 cm; Ø, 5 cm) of water (grasp-to-pour) or (*ii*) drink water from the bottle (grasp-to-drink). For each participant, a total of 30 trials were administered in two blocks of 15 trials. Trials of the same condition were presented within the same block. EMG activity was recorded from the mouth-opening MH muscle and from a control muscle, the extensor carpi radialis (ECR), involved in wrist extension, abduction, and radial deviation.

For each trial, each sample of the EMG signal acquired from reach onset to contact time was recomputed as a ratio of EMG activity at *j*-th sample of the reach-to-grasp phase divided by the mean of EMG activity in the prereaching phase. EMG ratio was then resampled at intervals of 25% of the normalized movement time to obtain four time bins (i.e., 25%, 50%, 75%, and 100% of movement time). For each participant, for each muscle, the EMG ratio was normalized (*z*-score) across intention (to pour, to drink) and time bin (25%, 50%, 75%, 100%).

The 2 × 4 ANOVA on ECR *z*-scores showed a main effect of time bin, *F*(3, 36) = 4.031, *P* \< 0.02, η^2^~p~ = 0.251. However, none of the post hoc comparisons between time bins survived correction for multiple comparisons (*P* values ranging from 0.052 to 0.999). The main effect of intention, *F*(1, 12) = 0.111, *P* = 0.745, η^2^~p~ = 0.009, and the intention-by-time bin interaction, *F*(3, 36) = 0.334, *P* = 0.801, η^2^~p~ = 0.027, were also not significant ([Fig. 2*A*](#fig02){ref-type="fig"}).

![EMG ratio of ECR (*A*) and MH (*B*) during the execution of grasp-to-drink and grasp-to-pour actions. At contact time (100% of movement time), MH activity was significantly higher during execution of grasp-to-drink compared with grasp-to-pour actions. No modulation over time was observed for ECR. Shaded areas depict SEM.](pnas.1809825115fig02){#fig02}

The 2 × 4 ANOVA on MH *z*-scores showed no main effect of intention, *F*(1, 12) = 3.682, *P* = 0.079, η^2^~p~ = 0.235, and no main effect of time bin, *F*(3, 36) = 1.271, *P* = 0.299, η^2^~p~ = 0.096. A significant intention-by-time bin interaction was present, *F*(3, 36) = 2.928, *P* \< 0.05, η^2^~p~ = 0.196. Post hoc comparisons revealed that at 100% of the movement time (i.e., contact time), MH activity was significantly higher during execution of grasp-to-drink, *M* = 0.445, SEM = 0.383 (95% CI, −0.389 to 1.279), compared with grasp-to-pour actions, *M* = −0.394, SEM = 0.295 (95% CI, −1.038 to 0.250), *P* = 0.019 ([Fig. 2*B*](#fig02){ref-type="fig"}). No statistically significant difference was observed at 25%, 50%, or 75% of movement time (*P* values ranging from 0.174 to 0.508).

Experiment 2: Muscle Activation During the Observation of Grasping Sequences. {#s3}
-----------------------------------------------------------------------------

Having demonstrated that MH activity selectively anticipates the execution of drinking (being significantly higher for grasp-to-drink actions already at contact time), during Experiment 2, we assessed whether the same anticipation in MH cortical excitability is seen during observation of grasp-to-drink movements.

Twenty-three new volunteers \[12 females, 11 males; mean age, 22 y (range, 19 to 29 y)\] took part in the action-observation experiment. From the dataset developed by Cavallo et al. ([@r13]), we selected 30 representative movies showing the reach-to-grasp phase of grasp-to-pour (*n* = 15) and grasp-to-drink (*n* = 15) actions (see [*Stimuli*](#s15){ref-type="sec"} for more details about movie selection). Only the bottle and the actors' hand and arm were visible (i.e., all other parts of the body were not shown; [Movies S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809825115/-/DCSupplemental) and [S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809825115/-/DCSupplemental)). Each movie clip was presented at two levels of temporal occlusion (i.e., the movie stopped at 25% or 100% of movement duration). A single TMS pulse was administered at the end of each movie clip via a monophasic stimulator (200^2^ Magstim) connected to a figure-eight coil (70 mm) positioned over the MH cortical representation of the left motor cortex. After the TMS pulse was delivered, participants were asked to indicate the intention of the observed act through wrist extension (to signify to drink) or pronation (to signify to pour).

Behavioral results indicated that intentions were categorized above a chance-level accuracy (*d′* \> 0) at 100% of movement duration, *M* = 0.31, SEM = 0.13, *t*~22~ = 2.44, *P* = 0.023 (95% CI, 0.047 to 0.574), but not at 25% of movement duration, *M* = −0.03, SEM = 0.08, *t*~22~ = −0.38, *P* = 0.708 (95% CI, −0.202 to 0.140). In line with previous findings ([@r13]), this demonstrates that kinematic information to discriminate intention is already available at the time of contact with the bottle. Criterion *c* did not differ from 0 at either of the two time intervals (*P* values ranging from 0.074 to 0.450), indicating that neither response was favored.

We then conducted a 2 (intention; to pour, to drink) × 2 (time bin; 25%, 100%) repeated-measures ANOVA on normalized MEP areas recorded from MH muscle. The ANOVA yielded no main effect of intention, *F*(1, 22) = 0.351, *P* = 0.560, η^2^~p~ = 0.016, and no main effect of time bin, *F*(1, 22) = 3.170, *P* = 0.089, η^2^~p~ = 0.126. There was, however, a significant intention-by-time bin interaction, *F*(1, 22) = 6.320, *P* = 0.020, η^2^~p~ = 0.223, replicated using a nonparametric permutation-based ANOVA (1,000 permutations; empirical *P* = 0.013). Post hoc comparisons revealed that at contact with the object (100% time bin), MEP areas were significantly larger during the observation of grasp-to-drink, *M* = 0.108, SEM = 0.058 (95% CI, −0.012 to 0.228), compared with during the observation of grasp-to-pour actions, *M* = −0.026, SEM = 0.045 (95% CI, −0.108 to 0.077), *P* = 0.040 (95% CI, 0.006 to 0.241) ([Fig. 3](#fig03){ref-type="fig"}; see also [*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809825115/-/DCSupplemental) for individual MEP areas). No modulation was observed at 25% of movement duration (*P* = 0.370).

![MEP area of MH activation during the observation of grasp-to-drink and grasp-to-pour actions. At contact time (100% of the movement time), MH activity was significantly higher during observation of grasp-to-drink compared with grasp-to-pour actions. Shaded areas depict SEM.](pnas.1809825115fig03){#fig03}

Discussion {#s4}
==========

The ability to understand the intentions of others is of crucial importance for social species such as humans. The way we understand, predict, and attempt to influence another's actions reflects intention understanding. The precise mechanisms involved in the ability of anticipating others' intentional actions, however, remain obscure.

Coupled with earlier research ([@r11], [@r13], [@r15]), our results demonstrate that in the absence of contextual cues, advanced information pickup from observed movement patterns forms the basis for intention ascription. Most importantly, our findings show that movement kinematics inform the chaining of motor acts during action observation. Subtle changes in the kinematics of the observed action lead to the selection of the most probable action chain.

Significance of Movement Kinematics for Motor Chaining. {#s5}
-------------------------------------------------------

Debate on the functional role of mirror neurons in an observer's action understanding has been conditioned by the assumption that the same motor act can be used for several different intentions ([@r7], [@r18]). As Kilner et al. ([@r6]) noted, if you see someone in the street raise their hand, they be could hailing a taxi or swatting a wasp---hence, the proposition that any movement-based matching system will fail to grasp an agent's intention ([@r19]).

But are movement kinematics really substitutable ([@r20])? Studies investigating action observation rarely report on the kinematics of the observed action ([@r14]). When they do, the analysis is often confined to a few kinematic landmarks ([@r2], [@r16], [@r21]). Fogassi et al. ([@r2]), for example, report no significant difference in peak wrist velocity and maximal finger aperture between grasp-to-eat and grasp-to-place actions. However, this does not necessarily mean the kinematic profiles of the two grasping actions did not differ across intentions. Two motor acts---for example, grasp-to-drink and grasp-to-pour---may have, on average, similar velocity. However, as shown in [Fig. 4](#fig04){ref-type="fig"}, the velocity profile may nevertheless differ across time, providing cues for intention discrimination ([@r11], [@r13], [@r14]). The possibility that kinematics contributed to chain selection in previous studies cannot be ruled out.

![Simulated velocity profiles of exemplar grasp-to-drink and grasp-to-pour actions. While the two actions have the same mean velocity, their velocity profiles differ across time. In particular, the velocity of grasp-to-drink actions is higher at 20% and 30% of movement time as compared with grasp-to-pour actions. This pattern reverses between 50% and 60% of movement time. Shaded areas depict SEM.](pnas.1809825115fig04){#fig04}

The strength of the current design lies in its ability to isolate predictive kinematic information as a potential driver for chain selection. By showing that in the absence of discriminative contextual cues, activity in MH is greater in anticipation of to-drink actions compared with to-pour actions, our results demonstrate the significance of kinematics for chain selection.

A New Look at Motor Chaining. {#s6}
-----------------------------

The findings reported here challenge two general assumptions underlying the current models of motor chaining. The first assumption is that chain selection is based on context-dependent associations, coded in areas outside the mirror system ([@r22]). In the computational model proposed by Chersi et al. ([@r3]), this is implemented as an "intention pool"---that is, a pool of spiking neurons in the prefrontal cortex encoding intention based on contextual cues. The model assumes that the activation of this external ensemble initiates the sequential activation of the appropriate chain. When the cues in the scene are not sufficiently informative, either because they are too few or too many and conflicting to establish the agent's intention, all of the intentions compatible with the given context are simultaneously activated and multiple chains are started in parallel ([@r3]). Under these conditions, chaining should reveal no anticipation of the agent's intention. Our findings refute this prediction, showing that in the absence of discriminative contextual cues, EMG components anticipate the final act.

The second assumption, related to the first, is that selectivity of neurons forming motor chains is independent of the kinematics of the observed act. Contrary to this, our findings show that differential grasping kinematics lead to the selection of the most appropriate chain. This supports a model in which the same cortical organization of natural action sequences enabling tailoring to onward action during action execution also supports the predictive linking of kinematic cues to intention during action observation. During the execution of action sequences (e.g., grasping a bottle to drink), motor chaining enables the subtle shaping of the initial grasp in anticipation of the subsequently to-be-performed motor act (to drink). Our results suggest that the same mechanism---chaining of motor acts---is responsible for intention ascription during action observation: Intention-specific kinematic cues drive the selection of the most appropriate chain, allowing an observer to link prospectively the observed act (grasping) to the final act of the sequence (drinking). Evidence that cortical action representations are tuned to movement kinematics has been provided by studies using fMRI ([@r23][@r24]--[@r25]), magnetoencephalography ([@r26]), electroencephalography (EEG) ([@r27]), and TMS ([@r28], [@r29]). The central advance of the present study is the demonstration that the coding of subtle variations in the observed kinematics contributes to advance motor chaining toward intention detection.

Taken together, these results amend the dominant view of chaining as a purely context-based mechanism and suggest that kinematic cues immanent to the observed behavior link together overlapping action segments. Of course, this does not imply that context plays no role. Rather, it suggests that the brain combines contextual information with the stream of incoming kinematic information toward chain selection ([@r30]). In keeping with this, Senot et al. ([@r28]) found that exposure to incongruent contextual information decreases kinematic modulation, even when the observer is unaware of such incongruence. Future studies simultaneously manipulating contextual and kinematic information will be necessary to determine how, when, and where this integration takes place and its relationship to conscious perception of intention. To what extent is conscious perception of intention related to neuronal chaining? This could be examined by asking participants to judge the visibility of the intention of the observed action and then analyzing data according to the visibility judgments made by observers.

Methods {#s7}
=======

Experiment 1: Muscle Activation During the Execution of Grasping Sequences. {#s8}
---------------------------------------------------------------------------

### Participants. {#s9}

All participants were right-handed, had normal or corrected-to-normal vision, were naïve with respect to the purpose of the experiment, and gave their written informed consent. The experimental procedures were approved by the local ethics committee (Comitato Etico della Provincia di Ferrara) and carried out in accordance with the principles of the Helsinki Declaration (World Medical Association General Assembly, 2008).

### Stimuli and procedure. {#s10}

Participants were tested individually in a quiet room. They were seated on a height-adjustable chair, with their right elbow and wrist resting on a table (length, 120 cm; width, 80 cm). To ensure a repeatable start position, participants were asked to maintain the right forearm pronated, with the right arm oriented in the parasagittal plane passing through the shoulder, and the right hand in a semipronated position, with the tips of the thumb and index finger on a force sensor placed on the working surface. A one-liter glass bottle with about 300 mL of water was positioned over a second force sensor embedded on the table at ∼48 cm from participants' midline. The two force sensors were connected to a 5-V circuit. Variation in resistance of the force sensors led to changes in the output voltage that were read by an analog-to-digital converter connected to Signal software \[version 4.08; Cambridge Electronic Design Ltd. (CED)\].

Depending on the experimental condition, participants were instructed to start either the grasp-to-pour or the grasp-to-drink movement after hearing a "go" signal from the experimenter. A coexperimenter visually monitored the performance of each trial to ensure participants' compliance with all requirements. After each trial, the experimenter refilled the bottle to maintain the same weight throughout the experimental session.

Two blocks of 15 trials were administered. The order of block presentation was counterbalanced across participants. Each block was preceded by five practice trials to familiarize participants with the task; these trials were not included in the data analysis. Testing required a session of ∼30 min per participant.

### EMG recordings. {#s11}

EMG signals of MH and ECR muscles were acquired using pairs of Ag/AgCl surface electrodes. For the MH recording, electrodes were placed over the right MH muscle, 1 cm lateral to midline, and over the base of the chin. The ECR muscle was recorded with a standard bipolar belly tendon montage. The resulting signals were amplified using MiniWave wireless EMG technology (Cometa Systems), with an input impedance of 20 MΩ and a bandwidth filter between 10 and 500 Hz. All data were sampled at 2 kHz, digitized, and stored for offline analysis using Signal software (version 4.08; CED).

### Data analysis. {#s12}

EMG data were filtered (low-pass, 20 Hz) and analyzed offline using a custom MATLAB script (MathWorks). EMG signals of both the MH and ECR muscles were calculated for the reach-to-grasp phase of the movement only, from the reach onset (i.e., the moment the force sensor under the participant's fingers detected a resistance variation) to the contact time (i.e., the moment the force sensor placed under the bottle detected a resistance variation). The second part of the movement, from the lift of the bottle to the completion of the action sequence, was not considered in the analysis.

For each trial, each sample of the EMG signal acquired from reach onset to contact time was recomputed as a ratio of EMG activity at *j*-th sample of the reach-to-grasp phase divided by the mean of EMG activity in the 200-ms time window preceding the reach onset (i.e., the prereaching phase):$$EMG\, ratio_{j} = \frac{EMG_{j}}{µ^{EMG\, pre - reaching}}$$

Values deviating more than ±2.5 SD were discarded as outliers. MH and ECR *z*-scores were analyzed in separate 2 × 4 repeated-measures ANOVAs with intention and time bin as within-subjects factors. A significance threshold of *P* \< 0.05 was set for all statistical tests, and a Bonferroni correction applied for post hoc pairwise comparisons.

Experiment 2: Muscle Activation During the Observation of Grasping Sequences. {#s13}
-----------------------------------------------------------------------------

### Participants. {#s14}

Participants who took part in the experiment were right-handed, had normal or corrected-to-normal vision, and had no contraindications for TMS ([@r31]). They were naïve to the purpose of the study and provided written informed consent after receiving information about TMS. The experimental procedures were approved by the local ethics committee (Comitato Etico della Provincia di Ferrara) and were carried out in accordance with the principles of the revised Helsinki Declaration (World Medical Association General Assembly, 2008). Participants were financially compensated for their time. None of them reported discomfort or adverse effects during TMS.

### Stimuli. {#s15}

We employed a dataset of 512 actions obtained by Cavallo et al. ([@r13]) by recording 17 naïve participants grasping a bottle with the intent to drink or to pour. Apparatus and procedure are described in ref. [@r13]. Briefly, participants' right hands were outfitted with 20 lightweight retroreflective hemispheric markers (4 mm in diameter). A near-infrared camera motion-capture system (frame rate, 100 Hz; Vicon System) was used to track the hand kinematics. Kinematic parameters of interest (*n* = 16, see [*SI Appendix*, *Supplementary Methods*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809825115/-/DCSupplemental)) were computed throughout the reach-to-grasp phase of the movement (based on reach onset and contact time) at intervals of 10% of the normalized movement time. The second part of the movement, starting from the lift of the bottle, was not considered in the kinematic analysis.

To determine the extent to which grasping movements differed as a function of intention, a linear discriminant analysis was performed. The resulting discriminant function accounted for 100% of variance (function 1 = 100% of variance, eigenvalue: 5.279, canonical correlation: 0.917) and significantly differentiated grasp-to-drink and grasp-to-pour movements (*P* \< 0.001).

We thus selected the 30 actions (grasp-to-pour, *n* = 15; grasp-to-drink, *n* = 15) that minimized the within-intention distance (i.e., the distance from the mean variate score of each intention). This procedure allowed us to identify, for each intention, 15 representative actions. The corresponding movies, filmed from a lateral viewpoint (third-person perspective) using a digital video camera (Sony Handy Cam 3-D; 25 frames per second), were used as stimuli for the current experiment. Movies were edited with Adobe Premiere Pro CS6 (mp4 format, disabled audio, 25 frames per second, resolution 1,280 × 800 pixels) so that each movie clip started with the actual reach onset and ended at contact time between the hand and the bottle, with the duration of the movie varying according to the actual duration of the movement (from 840 to 1,640 ms; see [Movies S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809825115/-/DCSupplemental) and [S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809825115/-/DCSupplemental)), which did not differ between intentions (*t*~28~ = 0.875, *P* = 0.389).

### EMG and TMS recording. {#s16}

TMS pulses were administered after the localization of the MH cortical representation of the left motor cortex. To localize the MH hot-spot area, the vertex of the cranium was first identified according to the International 10--20 system for EEG electrode placement. The TMS coil was then moved 2 to 4 cm anteriorly and 4 to 6 cm laterally away from the vertex ([@r32][@r33]--[@r34]). Stimulator output was then gradually increased until an MH MEP could be recorded (maximum, 70% of the stimulator output). After the first few MEPs were reliably recognized, the intensity was progressively reduced, the coil was moved around within the area in steps of 1 cm, and the coil orientation rotated to find the position and intensity that maximized stability and amplitude of MEPs. When the hot-spot position was found, it was marked on a bathing cap worn by the participant, and the TMS coil was maintained in a stable position by an articulated arm (Manfrotto). The stimulation intensity was set so that five of five MEPs were detected and clearly discernible from the background EMG activity (stimulation range from 50 to 70% of maximal stimulator output). MEPs were recorded from the right MH muscle using MiniWave wireless EMG technology (Cometa Systems). As in Experiment 1, two Ag/AgCl surface electrodes were placed over the MH muscle (1 cm lateral to midline, and over the base of the chin), and EMG signals were sampled at 2 kHz, filtered, and digitized with a data acquisition interface (Micro1401 mk II; CED). Data were displayed and stored for offline analysis using Signal software (version 4.08; CED).

### Procedure and task. {#s17}

The experiment was carried out in a dimly illuminated room. Participants sat in a comfortable armchair (dental-chair type) with a fixed headrest in front of a 19-in monitor (resolution, 1,280 × 800 pixels; refresh frequency, 75 Hz) at a viewing distance of 50 cm. Before starting the TMS recording, participants were familiarized with the visual stimuli by first watching example movie clips of the reach-to-grasp phase and then the entire movement for each intention (i.e., four example movie clips were viewed). During the experimental session, each trial began with the appearance of a fixation cross (4,000 ms), followed by the presentation of a movie clip showing either a grasp-to-pour or a grasp-to-drink movement. To ensure movement sequences could be temporally attended (i.e., to allow participants enough time to focus on movement start), 9, 11, or 13 static frames were randomly added at the beginning of each movie. A single TMS pulse was administered at the end of each movie clip. After the TMS pulse was delivered, participants were asked to indicate the intention of the observed act through wrist extension (to signify to drink) or pronation (to signify to pour). Participants' motor response was recorded through a wireless EMG module, equipped with a tri-axis accelerometer (MiniWave; Cometa Systems) positioned over the proximal extremity of the fifth metacarpal bone of their right hand dorsum. Participants were instructed to respond as accurately and quickly as possible. The maximum time allowed to respond was 3,000 ms. A total of 60 movie clips (15 grasp-to-pour and 15 grasp-to-drink) were administered to participants under two levels of temporal occlusion: 25% of movement duration (30 clips), 100% of movement duration (30 clips). To avoid participants' anticipation of TMS delivery, 25% and 100% clips were interspersed with random occlusion trials (60 clips), in which the temporal occlusion occurred at random intervals during reach-to-grasp. To avoid cumulative effects of stimulation, the TMS interpulse interval was at least 7,500 ms throughout the experiment ([@r35]). The experimental trials were preceded by 16 practice trials to familiarize participants with both the task and the TMS pulses (practice pulses). The data for the practice pulses were not included in the main analysis. Stimulus-presentation timing, EMG recording, and TMS triggering, as well as randomization of stimuli were controlled using E-Prime software (version 2.0; Psychology Software Tools Inc.) running on a PC. Testing required a single session of ∼60 min per participant.

### Data analysis. {#s18}

#### Behavioral responses. {#s19}

The proportion of hits (i.e., arbitrarily defined as "to-drink" responses when the observed grasp was to drink) and false alarms (i.e., arbitrarily defined as "to-drink" responses when the observed grasp was to pour) was calculated for each participant for each level of temporal occlusion. From hits and false alarms, we then estimated the criterion *c* (i.e., the general tendency to respond signal) and sensitivity *d′* (i.e., a criterion-independent measure of participants' performance) ([@r36]).

#### MEPs. {#s20}

Neurophysiological data were analyzed offline using a custom written MATLAB script (MathWorks) and SPSS Statistic software (version 24.0.0.1; SPSS Inc.). For each participant, the area under the rectified MEP curve (MEP area) was calculated within an 8- to 43-ms time window after the TMS pulse. MEP area was chosen instead of peak-to-peak distance because it is more relevant in the context of polyphasic muscle responses ([@r37]). To normalize data distribution, MEP area values for each participant were transformed into *z*-scores, and values deviating more than 2.5 SDs from the grand average of all of the trials were excluded as outliers (3%). To prevent contamination of MEP measurements by background EMG activity, we computed EMG background activity as the area under the rectified EMG signal within a −38- to −3-ms time window before the TMS pulse. Trials characterized by a pre-TMS background exceeding 2.5 times the average were excluded as precontracted trials (\<1%) ([@r28]). Trials in which MEPs were not identified (2%) were also discarded from further analysis. The remaining normalized MEP data were analyzed in a 2 × 2 repeated-measures ANOVA with intention (to pour, to drink) and time bin (25%, 100%) as within-subjects factors. A significance threshold of *P* \< 0.05 was set for all statistical tests, and Bonferroni correction was applied for post hoc pairwise comparisons.
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